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The calculatiana for the full-scale composite engFne at a 
fusl-air ratio of 0.040 and ccmyressor end tu rbhe  efficienc'ee of 
85 percent indfcated that majclmum power occurrsd et en engine exhaust 
pressure of 75 inchea of mercury absolute. A t  t h i s  condition, the 
net brake horsepower was 1060 and the net brske mean effective  pres- 
~ u r e  and the net brake a p c i f i c   f u e l  consumption were 288 pornrds per 
square inch an 0.405 pound per net brGi  horsepwer-hour, reepec- 
tively. The minimum rst brake specif ic  fuel ccmsum2tian occurred a t  
an engine exham3t pssure of 100 fnchee of mercury abeolutie, A t  
this condition, the net brelre specffcc fuel c0nsuupl;ion was 
0.385 p o n d  p r  net  brake horsepower-hour f o r  s net brake horeepower 
and net brake man effect ive pressure of' 1010 and 2'74 pounds per 
square inch, respectively. 

A reduction of the fuel-air rat50 from 0.040 to 0.025 caused 8 
26-pe.rcent reduction fn maximum Pet brake horsepower with a 9-percent 
decrease in the nst brake epecif ic   fuel  consumption. 
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Consibemble msear.=h b e  been conducted on the  conbinatfor of a 
opmk-ignition engine with 3 turbine and a compressor geared to the 
craak&aft t o   i nc raam the power and e y f i c t ~ n o y  of t;le p m r  plant.  
Com$utations based on engfne t e s t e  (referonce 1) ehaw that the maxim.m 
pe1.iTGrmance waa cbtained by operatin@; at high iril9t-zMinifold a z z  oxhauet 
p e s e u r e s .  A spark-Ignition elxino must bo opomted w i t i i  r i ch  mi-xtuloe 
at high inlet-manifoid pmsenrea- in &er -to -avoid btonat ion;   therefare ,  
relatively high specific f u e i  coxlamptione are obtained. A c q r e a s l o n -  
ignition  engine, however, may be operated with leaner mixture3. 

Computations based on ex$erimor&al data from a high-sped eingle- 
cylinder compressicn-~lpitlcn engine (rer'tjrence 2) ehuwea that at  8 
r 'uel-air   ratio ai' 0.067 tlle o x h i ~ u e t  eriek$y-Z%iilabls at eea level with 
the exhauet preesuro ecpal t o  tLe  inlit -ranifold preseure (for the  
preseu,-e w e  of 3U t o  90 in .  & absdlute) sxcoodod that raqiiirad for 
eupercharger work. 

Another theoretical analSsia (reforeace 4) inl icated that high net 
brake homeymare at low not brab specific fuel consumntiens mfght be 
obtained on a c m p o d t e  engine comprisillg a cmgreesion-ignition cngim 
a t  a cmyrossion  ra t io  of 6.5 and a compreaaor and a turbine gcexed t o  
the engine crankshaft. 

The prssent   invc~t lga t ion  waa =de at tho NACA Cleveland laboratory 
on n eiwle-cyl inder  en&m mine; a cylinrler frm a &ial air-cooled 
a i r c r a f t  engine t o  d-etemnine expcrImnta1i.y  xhethe? EL moilifled epark- 
i ~ i t i o n  engine  could be oporated efficiently on a conrprsssion-lgnitlan 
cycle at conditions appoximt in ; :  thop indiccted in rcfore-me 4.  The 

full-scale compoeito engino. 
, experimental data wore usod t o  compute the eea-level prforrn&nco of a 

A cylinder froa an X-1820-GI00 engfne wlth o. pieton f m m  an R-2600 
onglne was used; this combination had a cmpmssion r a t i o  of 8.0. 
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Chromium-plated compression r-s -re used fn the three compmasion- 
ring pcoves  t o  give long ring l i f e  for the high  inlet-zranifold >res- 
sum5 umd. Two fuel-injactfon nozzla~ were Fnserted in   the  cyl inder  
in  place of the s w k  plug+ ae s h m  in .f igme 1. The cylinder w a ~  
mou-rlte3 on an R-18204 crankcase havirg 40' valve-overlap cams. A 
300-horsepower Qnammter equipped with the necessary  accessories 
and instrumentation vas uclred t o  start the engine and t o  absorb the 
engine power. (See figs. 2 and 3.) Fuel was delivered t o  the nozzles 
by meana of a gear-tme primary sump and a cam-opsrated injection 
pump connected in series. The fie1 had a oetane number of 50, a 
s p c i f i c   g r a v i t y  of 0.835 at EO" F, and a hydrogen-carbon ratFo of 
0.156. Fuel flow was measured by a rotmter . 

Multiple-orifice and pinth-type. fml-injection n o z z b s  were 
tried sfngly end in  patre t o  determine their effects on engine per- 
formance, The a-le multisle-orirfce nozzle8 had f ive o r  six mi- 
f ices .  When two multiple-crifice nozzles were used,  each nczzle laad 
three orifices. The t o w  orwice  &reas ranged frm 0,000660 t o  
0.001400 sqmm inch, The p i n t l e - t n e  nozzles all produced a CCZZLB, 
coaxial with the  nozzle contar line. Nozzles with C O ~ B  of 30°, 60°, 
and 90° each were tried. Prel imimry  inve~t igat ions shmed that the 
best cmbinatim was two  multiple-orifice injection nozzles w i t h  
flat, fen-shapad spays with offeet 6ipe  dirocted p r a l l e l  t o  the 
top of the  pieton. The t o t a l  orifice =-ea webe 0.000947 square 5nch 
for six orif ices ,  three in each nozzle. (See fa. 1.) 

H3gh-pressure canbustion air  w a s  obtained from th6 Laboratory air  
Byf3teBI. The weight flow wae controlled by suitable valvos and was 
measurad by a thin-plate   or i f ice  installed according to A.S .M.E. 
spacificati.ms. Surge tanks locatad  before and after the  engine were 
equipped wlth prossure taps to m e a ~ m  tho  inlet-manifold and exhaust 
p r e s m s .  

A formed ehaet-motal cmlfn@; directed the cooling a i r  frcz front  
t o  rear a c r o ~ s  the cy l fde r .  

Rune were pado at varioue exhaust praesme  (30 t o  100 in. a 
absolute) while the cther engine copditions wero held constant. The 
following table eumm~trizcs the  constant  conditions used in t h i s  
investigation, as w e l l  ae those auggestsd by the analysie. of refer- 
ence 4: 
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C a p r e m i o n  r a t i o  . b .  . . . . . . ,. 8 .  *. . 0. "- ," ~ 6 .O 8.5 
Engine speed, rpm . . . . . . . . . .. . . . . . 1600 k10 2400 
Inlet -manif old pressure, in. Eg abeolute . . . . 100 fO .E 120 
Inlet-manifold a i r  tmpemture, %. . . . , . . . 160 f5 200 
Fuel-air r a t i o  . . . . . . . . . . . 0.040, 0.025 fo ,001 0.037 
Maxlmum cylinder pressure, lb/sq  in. . . . . . 1200-1400 1200 

. .  

A c q r e s a i m  r a t i o  of 8.0 inatead of 8.5 (reference 4 )  wa6 w e d  
becauee it was the highest that could-be obtained with  the  available 
interchangeable pfetons and c y l W e r a .  

An enghe a p e &  of 1600 ypm was cZlosen becauee a preliminary 
inveetigatlm showad that the parer 0'utyu-L and cmbnsticn-air flow 
incroaeed very s l a r l y  with  engine speede above 1600 ~pm. Sevoral moans 
were t r i e d  t o  i q r o v e  th turbulence and combuetlcm within the cylinder 
at ~ngine  speeds above 1600 rpn. I n  Eidditim t o  vwious types of injec- 
tion epray slnd various in le taanl fo ld  air tempra twee ,  spiral vanes in  
tho  entrance t o  tho intake pcrt, water  injection into the i n l e t  mani- 
fold., and a o y l i d e r  w i t h  en larged Inbko and exhaust porte were tried. 
Ae none of these  modification8 gavo tho dealred effect, the  lnvoatiga- 
t i o n  wae completed with the engine in itfl origindl configuration. 

Tho inlet-manifold ppresmre wae hold constant at 100 inches of mor- 
cw;*y absolute because a proeeum of 120 inches of mercury abeolute m a  
unobtainable  with tho laboratory ccmbustion-air control aystum. Tho 
inlot-manifold air temperaturo of 160' F was uaed because it waa found 
to gfvc buttar  Engine performance than the tonporature of 200" F cam- 
uuted from the annlysis of reference 4. The rnaxlrmun cylinder preseurs 
waa hold botwwn l2GO and 1400 pounds per square inch by adjusting the 
injoction advmcu angle, 

The oil-in temperature wa8 held at 3.50' F fox all r u m ,  The cocling- 
a i r  p re sme  d r ~ p  0A-p (where ty is the density r a t i o  used to   cor rec t  
to NACA standard air conditions) w a ~  held between 23 and 25 lmhos of 
water f o r . 8  Fuel-air ratio of 0.040 and between 13.5 Ebnd 15.5 inch86 of 
water for n fue l -a i r  ratio of (3.025. The tm-ratm of the cooling afr 
upetream of the cylinder was 93O F. 

An approximation of the mechanical-friction powor wa8 obtained by 
motoring the engine with sea-level ox&uet and inlet-manifold prossurae. 
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The full-scale  cmposfte engine f o r  which the perf- WSB 
computed was ass&& t o  consist  of an engine (nirae cylinders  with a 
displacement volunw of 1820 ou in.), a ocmpre8eor, and a turbinem 
The performance wag caqu ted  for  sea-level condftiona from efngle- 
cylinder  experimental data BB follows: 

(a) The full-scale indicated mean effect ive pES8ure was assumed 
t o  be the sum of the brake and mechaniosl-friction mean effeotive 
pressures  obtainsd f r c g n  E& single-cylinder data. indicated 
mean effect ive pressure thus obtained includes  the  contribution of 
all four strokes of the  oycle. 

(b) From this  indioated man effect ive pressure, the ful l -scale  
indicated horsepower m a  amguted and the  corresponding gross brab  
horsepower was obtained by subtracting a ful l -scale  mechanical- 
Fr ic t ion horsepower. The mechanical-friction horsepower was computed 
fram the equat  ion 

fhp = K(H)2 

fhp mechanical-friction homopower 

IC constant, 0.00002394 

N engine speed, rpm 

Tha value of IT corresponding t o  the bore, the  stroke, and the nmbw 
of cylinders of the engine m e  deteminod frm an empirical  equation 
based on a large amount of experimental data on  various types of 
mc ip roca tbg  engine. Fropn this  equation tho mechanical-friction 
horeepower at 1600 rpm is 61.3 for the   ful l -scale  engine. 

( 0 )  The ful l -scale  canbustion-air flow w a ~  taken as nino times 
tho  single-cylinder air  flow. The compressor horsepawor WBB con- 
sidered that requ%d t o  cmpreee the C G m b U S t i O n  air frm WCA soa- 
love1 preesuro and temperature t o  met-manifold prvssura with an 
adiabatic  officiency of eithar 70 or 85 poroont. The combustion air 
was assumod t o  be cooled from cmpmssor-outlot t o m p x r t t u r e  t o  160° F 
with an aftorcooler havfng an effectlvrjness of e i the r  66 or 60 pr- 
m n t  depending on tho ~cm-pm~sor cfficiency. 

(dl Tho turbine horsogowor wa8 takon aa  that avai lable  from oxpcsn- 
sion of tho oxhaust gas from exhaust preesurcl and t e m p o r a t m  to 
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sea-level p?esellre w i t h  an adiabatic  efficiency of either 70 m 85 pel'- 
cent, Rofomnce 5 was used in the cumgctation of the  turbine horsepower. 

The exhaust-gas temperatures were assumed t o  be 180O0 and 1200" R 
f o r  h e l - a i r   r a t i o s  of 0.040 and 0.025, r e~pec t lve ly .  These values 
m r o  checkod by later runs and found t o  be approximately correct. 

(e )  The turbine md the cmprsseor were assumed t o  be mounted on a 
common shaft  8,nd tho difference in  t h e i r  powem XBB transmitted t o  o r  
frcm the  engine through gears having aqef f ic ioncy  cf 90 percent. The 
horsepuwor hiffomnce m e  divided or m.dti?lied by the g e m  efficiency 
dopnding an wllethor the turbine horsep.mar was l.088. or- greater tm 
that of tho camproasor, and the result Was subtracted o r  added, respoo- 
t ive ly ,   to   tho  ongine groee braka powor (item ( b ) )  t o  obtain tho  not 
brake horsaFmfcr of the system. 

The aeewrytion  of  constant  turbino and cmpreasor eff icbncies  for 
t h e e  computatione implies that EL different  turbine and a d i f f emnt  c m -  
pressor ara used at oach exhaust prusmrru in' clrdor t o  meet tlm requirod 
uprat lng  ahxracter is t ics  for that c d i t l o n .  

REflTLTS AND DISCUSSION 

Tho be&  singla-cylindor awfno IpolTomnco was obtalnod at an 
engino speed of 1600 q m .  Thu indicated h o r s o p ~ s r  and combustion-air 
flow inoroased very slowly for ongin0 s p o d s  abvvs 1600 q m .  Becauso 
1101~s of tho moilificatlone tha t  w e r e  t r i e d   t o  improw tho  turbulonco and 
cabus t ion  gave the dosirod affoct ,  thtYinvestigatfon wae coq lc t ed  
with the wine in its original configuration. 

The s f foc t  of exhaust yres81m on combustion-afr flow, indica-tud 
syecifio air consum;3tion, volumotric efficiency, lnd icatod moan ofi'ectiva 
pmsauru, indicated s p c i f i c  fuel consumption, md maximum cylinder p w 8 -  
B L W ~  of the singlo-cyljnder engine at an inlet-manifold prossurs of 
100 incbs of' mercury absolute, an lnle€-manifold air tomperatwe of 
1GO' F, and an engine sped of 1600 rpm ' f o r  fuel-air ratios of 0.040 
and 0.025 f a  shown in figuro 4 ,  Fcr a fuc-1-air ra t io  o f  0.i140 and ~ 0 8 -  
love1 exhaust pressuro, tho indicated  man offoctive yrussm~ .basad on 
all fou r  s t r o b e  of tho cyclu was 313 y p n d g  pqr square inch (Sf&. 4(b))  
As the oxhauet proeeur& m s  incrsaaod t o  100 inches of mercury absolutu, 
the indicated mean effuctive prossuk Recreased t o  240 pounds por aquaro 
inch, a loss of 23 porcont. Similarly, the combustion-air f lmr f L l l  off  
nbont 25 percmt  with  an incroascs of the ongino exhaust. p r o s e m  from 
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30 t o  100 fnchee of mercur~= absolute (fig. 4(a) 1 . At a fuel-aiT 
r a t l o  of 0.025 %he corr~s~om;t ing decreaeee in indicated Borae!pwer 
and cmbustion-air flaw wore 31 and 25 percent, respectively. 

The cylinder-head tempratws were belcn normal operatm 
temperatum?. for a s v k - i g n i t i o n  engine (fig. 5). Tkbe temperatu'es 
at the rear of the barrel were on the order of 315O t o  355O F f m  a 
fuel-air r a t i o  of 0.040 (fig. 5(a)) and 270° to 310° E' f o r  a fuel- 
a i r  ratio of 0.025 (fig. s(>)). 

Full-Scale-mine Calculations 



Tho maximum not brakc, horsepwurs and minim net brdw EIpcsciSic 
i’uol  consumptions of t h o   m o t h e t i c a l  full-scalo compoalta c m r a s a i o n -  
igni t ion w i n e   if^ m m m r i z e d  in  thc follaying tablo f cr inlet - 
manifold m s e u r e  of 100 inches of mercury absolute at an engin6 spijljd 
Gf 1600 X’pll: 
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c 

0.85 

Net brake 
specif I C  
fuel con- 
sumpt ion 
(lb/nbhp - 
h) 

Satisfactory cmbustion could-not  &obtained at engfno speeds 
above 1600 rpm; theamfore, a d i rec t  c ~ i s o n  could not be made wj.th 
the analys€e. of reference 4, which uas Need GII an cwfne speed of 
24CO rpm, The results obtazned hemin can be extrapolated, h m v e r ,  
t o  the c0nd";tim of englne speed, s_nlet-manifold preseure, fuel-afr 
ra t io ,  and conpression r a t i o  of ths  analysis of referance 4; that ia ,  
2400 rpm, 120 inches of mercury absoluke, 0.037, and 8.5, respec- 
t ively.  Tile extrapolated value of the maximum net brake hormpower 
for ccmprcxmor and turbine eff ic iencies  of 70 percent is E50 net 
brake horsepower, which is approximately 75 percent of that shown in 
mforance 4 .  Bocauso of the aeeumptions necosearily =de in refer- 
ence 4, t h i s  Ebgn*oemnt is consid.erod t o  be a s a t i s f m t o r y  check of 
the predicted perfolmance. Sa t i s f ac twy   pe r fcmnce  at speeds of 
2400 rpu might bo obtained by use of a cylinder d e e w d  apocffically 
?or compression-ignition  operation. 

The prfcmmce of a single-cylinder spark-igniticn  engine modi- 
f ied  to operate on a campression-ignition c p l o  wfth EL compression 
r a t i o  of 8.0 was determined. Rram these bta, the porformanco was 
ccaaplmd f o r  a f i J l - s d e  ccanposite engine, whlch was assumed to con- 
s i e t  of m engine w i t h  n im  cy lbdor s  h a v w  a displacement v o l m  
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2. At zn engbe speed of 1690 q m  an I n l e t - m i f o l d  >resawre 
of 100 Fnchea of zoercury absolute, the a m h s t i o n - a i r  jllow of tho 
single-cyllnder engine decreamd 25 perceat a8 the exhaust prossme was 
increaeod from 20 to 100 inchee of mrouy absol1.tte. For fus l -a i r  
ratioa of 0.040 and 0.025, the oorreogonding decrease in indicatcd man 
effective nresscre XBB 23 ard 31 percent, resyec';ivcly. 

3. The maxim not brake horsepatsrg of the  ccm~osite ewim ' w e r e  

952 and 1060 (not b r a b  mean effective praegarea cf 258 and 288 lb/sq i n . )  
a t  net brab epeclf ic   fuel  comuupticqa oP G.450 and 0.405 pmnd per net 
bmke horeoywer-hour for turbine and C G D I ~ E I ~ G ~  eificienciea of 70 
and 85 percent,  reepsctively, at a fml-air ratio or" 0.040, an exhaust- 
gas tempemtura of U U O O  R, and an exksust prasa*ue of 75 inchse cS m r -  - 
cury absolute.  . .  

4. The rninirmuo net brake specific f u e l  cona-uptions of the cmyoaite 1 

c w i n o   f o r  a fucl-air r a t i o  of 0.040 (exhauet -gas tampereture, 18CO" R) 
a m  0.435 and 0.385 pound p6r net brake~horsepc r -hour  with net brake 
horsepower6 of 900 enb 1010 (net brake man off'ectiva pressurea of 244 
and 274 l%/aq in . )   for  turbine and compReec;r efficfuncies of 70 and 
85 wrcent, roepectively, at an exhaust pmsawe  of  100 inchoe of m r -  
cury absoluto . 
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F i g u r e  1 .  - Cutaway s k e t c h  o f  air-cooled c y l i n d e r  s h o w i n g  
location o f  fuel-injection n o z z l e s  in s p a r k - p l u g  openings 
a n d  pattern of fuel-spray i n  cylinder. 
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N A C A  RM NO- E7803 F i g .  4 a  

30 4.0 50 60 70 80 90 100 

Exhaust pressure, in, Hg absolute 
(a) Air-f low chsraot erist  loa. 

F i g u r e  4, - Performanoe of a slngle-oylinder  engine converted to compres- 
sion-ignition operation for various englne  exhaust  pressures.  Inlet- 
manifold pressure, 100 Inches or merouury absolute; lnlet-manifold air 
temperature, lbo P; engine rpeea, 1- rpm; oompress~on  mtlo, g.0; 
oooling-alr  temperature, 93' F. 
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200 

Exhaust pressure, In. Hg absolute 
(b) Indlaated mean e f f e c t i v e  pressure, indicated speciffc fuel 

oonsumption, and masclmum oyllnder pressure. 

Flgure 4. - Concluded.  Performanee of a 6l.ngle-oyllnder engine oonverted 
t o  oompresslon-ignition opemtlon  for varlous engine exhaust pressures. 
Inlet-manifold pressure, 100 lnuhes  of mercury a b s o l u t e ;   l n l e t ~ l a n l l o l 5  
air temperature, 160O F; en lne speed, 1600 r p m ;  compreeslon ratLo, 8 .0 ;  
oooling-alr temperature, 93g p. 

c 
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(b )  h e l a i r  r a t i o  0.025- 

Figure 5. - Varlatlon OS ooollng-alr pressure drop and barrel and herd 
t-peratures of a single-oyllnder  engine  oonverted  to compresslon- 
i gn i t i on  opgratlon for various engine exhaust  pressures.  Inlet- 
manlfold pressure 100 lnohes OS meroury absolute;  inlet-manlfold 
air temperature b o  F; snglne speeb, 1600 rpm; cooling-air tempera- 
ture, 93O E'. ($he broken lines indloate that temperature readings 
were not  taken at  an exhaust pressure of 77.5 In. or Hg absolute for 
a ruel-air ratio of 0.040.) 
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FSgure 6. - Cornputad sea-level  perfomanor or a aoapooltc engins aoaprlrlry engine 
oonverted to oompresalon-ignition  Operation, ourpressor, and turbine a t  rarloua ' 

en ins crhauat pressurea. Inlet-rmnlfold pressure, 100 lnohee of neroury absolute; 
laLt-rPanlrold air temperature, 1600 p; engine speed, lb00 rpcr; ecmpression ratio, 
8.0; ooollng-air temperature, 93' F; gear errlolenoy, 90 peroent. 
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